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INTRODUCTION
Cadmium (Cd) is not essential for plants, and is usually toxic even at low concentrations. Although plants lack specific transporters for Cd, it can be taken up inadvertently through transporters or channels for essential minerals, mainly zinc (Zn), calcium (Ca), manganese (Mn), and iron (Fe) . Cadmium exposure leads to disturbance in the homeostasis of these minerals or to their displacement in proteins. Cadmium can influence photosynthesis, stomatal conductance (Gill et al., 2012) , water status and mineral nutrition (Poschenrieder et al., 1989; Gill et al., 2012) , and cause oxidative stress and disruption of membrane functions (Cuypers et al., 2011; Gallego et al., 2012; Nemmiche, 2017) .
A small number of plant species, metallophytes, grow and reproduce in metalliferous soils (Antonovics et al., 1971) . Facultative metallophytes occur both at metalliferous and non-metalliferous sites (metallicolous [M] or nonmetallicolous [NM] accessions, respectively). M accessions are usually hypertolerant to the metal(s) present at high concentration in the soil of origin, compared with related non-metallophyte species or conspecific NM accessions (Baker et al., 2010) . Strongly Zn-enriched calamine soils are often also enriched with Cd, and calamine accessions of metallophytes are usually hypertolerant to both Zn and Cd (Baker et al., 1994; Assunc ßão et al., 2003) . Hypertolerances to Zn and Cd are genetically largely independent (Schat and Vooijs, 1997; Deniau et al., 2006) , although there may be common determinants, like enhanced HMA4 expression, in hyperaccumulators (Courbot et al., 2007; Hanikenne et al., 2008; Halimaa et al., 2014) .
While most metallophytes are shoot metal excluders, a few of these are capable of accumulating metals in their foliage at extremely high concentrations (Baker, 1981) . Only a few species hyperaccumulate Cd in nature, including the Zn/Cd/Pb/Ni hyperaccumulator Noccaea caerulescens and the Zn/Cd hyperaccumulator Arabidopsis halleri. In contrast with Zn hyperaccumulation, their Cd hyperaccumulation is not species wide (Assunc ßão et al., 2003; Meyer et al., 2015) . While all calamine accessions of N. caerulescens are extremely Cd tolerant, they show huge variation in foliar Cd concentration, which is uncorrelated with local soil Cd concentration (Lombi et al., 2000 (Lombi et al., , 2001 Zhao et al., 2002; Assunc ßão et al., 2003) . For example, the accessions from the Cevennes region in South-East France (e.g. 'St. Laurent le Minier', also known as 'Ganges', GA), exhibit over 10 times higher Cd concentrations than those from eastern Belgium (e.g., La Calamine, LC), although the soil metal compositions are very similar (Assunc ßão et al., 2003) . However, the high root-to-shoot Cd transfer coefficient (>1) seems species wide (Roosens et al., 2003) . These data have led to the hypothesis that Cd hyperaccumulation in the accessions from South-East France relies on a highaffinity uptake system with preference for Cd over Zn, which is barely or not at all expressed in the accessions from Belgium (Lombi et al., 2001; Zhao et al., 2002) . There may be at least two different mechanisms for Cd hypertolerance in calamine N. caerulescens, these are avoidance through restricted uptake, such as in LC, and enhanced plant-internal sequestration, particularly in the leaves, such as in GA.
As the LC accession has a low capacity to accumulate Cd in nature, we hypothesized that it may not have sufficient detoxification capacity in the leaves and thus shows stress reactions similar to those in non-accumulators (Baker and Whiting, 2002) . The aim of this study was to compare the Cd responses and allocation between LC and GA at a similar foliar Cd concentration, to better understand why these accessions exhibit contrasting adaptations to calamine soil. To this end, we compared metal contents, distribution of Cd over leaf tissues and cell types, and the Cd-induced transcriptomes in the roots and shoots.
RESULTS AND DISCUSSION
Both GA and LC possess a full Cd-accumulating capacity
The N. caerulescens accessions GA and LC are equally tolerant to 50 lM Cd (Assunc ßão et al., 2003) . We thus exposed the plants to 50 lM Cd for 1 week in hydroponics. As calamine soils enriched with Cd are also Zn enriched, the accessions, both of which are Zn hypertolerant and can even suffer from low Zn, were first grown at 10 lM Zn and then moved to 2 lM Zn during the Cd exposure. These Figure 1 . Elemental analysis of the roots (bottom) and shoots (top) of GA and LC unexposed (C), or exposed to 50 lM Cd. All biological replicates are shown. Log transformed data were used for statistical analyses (Tukey's test, P < 0.05). The values marked by different letters indicate a significant difference between the means. GA, Ganges accession; LC, La Calamine accession.
conditions resulted in similar Cd contents in the shoots of GA and LC ( Figure 1 , Table S1 ). Without preculture in 10 lM Zn before moving to 2 lM Zn, the Cd content was significantly higher in the GA than in the LC leaves (Figure S1 ). The dependence of Cd accumulation on medium Zn concentration has been reported previously in N. caerulescens (Lombi et al., 2001; Zhao et al., 2002) . Assunc ßão et al. (2003) showed that at 0.5 lM Zn GA accumulates Cd three times more than LC does. It appears that at sufficiently high medium Zn concentration, the LC accession accumulates Cd in the shoots equally well compared to the GA accession.
In the absence of Cd, the Zn concentration was about twice as high in GA than in LC shoots, and the difference was even higher in the roots. Similar differences have been demonstrated previously in Noccaea (Lasat et al., 1996; Assunc ßão et al., 2003) . Cadmium treatment decreased the shoot Zn concentration in GA to the level of that in the non-exposed and Cd-exposed LC, leading to a significant treatment 9 accession interaction (P < 0.05). Also K€ upper and Kochian (2010) reported a similar decrease in GA after growth in 50 lM Cd/10 lM Zn. They concluded that in GA the Cd enters plant cells via Zn transporters, but they did not compare the results with any other accession. Our results suggest that GA and LC share the basic Zn transporter that does not transport Cd, but GA has an additional Zn/Cd transporter, which contributes to the high Zn level in the absence of Cd.
There were no significant differences in Cd leaf distribution between GA and LC in our growth conditions (Figure S1 ). The Cd concentration was over two times higher in the epidermal tissues than in the mesophyll, however the mesophyll layer is the major Cd storage site, as it contributes nearly 90% of the leaf volume in both accessions. When the plants were grown continuously in 2 lM Zn, Cd content in the mesophyll and vein region was over twofold in GA compared with LC, whereas no significant differences were found in the epidermal layers. These results suggest that the additional Zn/Cd transporter in GA targets Cd into the mesophyll.
The Mn concentration was several times higher in GA than in LC control plants (Figure 1 ). The Mn content was strongly decreased under Cd exposure in GA, leading to a significant treatment 9 accession interaction (P < 0.05). The results suggest that the Mn uptake system in the root is much more effective in GA than in LC, and that Cd competes strongly with this system.
Distribution of Cd in the leaf tissues
The distribution of Cd in the leaves was further studied by histochemistry using Leadmium TM Green AM fluorescent dye. Regardless of the time of exposure (2 weeks, 1 month), Cd was detected in all tissues in both accessions ( Figure S2 ). After a 2-week exposure, fluorescence was brighter in the spongy, rather than in the palisade, mesophyll (Figures S2i,n and S3), but after a month this difference was not pronounced (Figures S2l, p and S3) . Both in the LC and GA leaves, the giant water storage epidermal cells were often stained intensely (Figure S2k, m, o) . In the LC leaves, extremely bright fluorescence was often found in the subsidiary cells, especially after 2 weeks of incubation ( Figures S2h and S3 ), while after 1 month, the differences between the epidermal cell types were not visible ( Figures S2j, k and S3 ). Young developing guard cells were stained more intensely than the mature ones ( Figure S2g , j, k, m). Cadmium was detected both in cell walls and cell protoplasts. In the mesophyll cells, the fluorescence was very high in cell protoplasts, most probably in the vacuoles ( Figure S2i , l, n, p Visible observations and spectral imaging revealed emerging differences
At harvest, none of the plants in the 1-week exposure showed visible signs of stress. In a longer 5-week study at 50 lM Cd/10 lM Zn, resulting in a similar Cd accumulation in both accessions, the spectral index mND705 showed the first differences between the Cd-treated and control plants on day 11 in both accessions ( Figure 2) . The index showed a moderate correlation with the chlorophyll index obtained from Dualex scientific + sensor (R 2 = 0.51). The first visible symptoms appeared on days 14 and 18 in GA and LC, respectively ( Figure 2 ). In GA, chlorosis started in the youngest leaves and progressed from base toward the apex, suggesting typical Fe deficiency ( Figure S4 ). In LC, chlorosis was, from the start, not confined to young leaves, which points to a direct toxicity effect rather than Fe deficiency. These findings suggest that Cd affected photosynthesis differently in the two accessions, therefore we expected to see early differences in the gene expression between the accessions.
Cd affected the transcriptomes differently in GA and LC
We carried out transcriptome analysis on the plants exposed to 50 lM Cd for 1 week (Table S2 ). In the roots of LC and GA, 461 and 719 genes responded to Cd (false discovery rate (FDR) < 0.05), respectively ( Figure 3 ). Of these genes, 68 were upregulated and 25 downregulated in both accessions. Ten of the upregulated genes were linked to iron homeostasis, most of these are known to respond to iron deficiency. The downregulated genes encoded structural constituents of cytoskeleton (actins, tubulin) and defense-related pathogenesis-related (PR) proteins. In the shoots, 2442 genes in LC and 195 in GA responded to Cd. Of these genes, 13 were upregulated and 33 downregulated in both accessions. Fourteen of the downregulated genes were linked to photosynthesis or chloroplast. Both accessions therefore showed some signs of iron deficiency and disturbance of photosynthesis. Pathway analysis was carried out on all Cd-responsive genes (Table S3 ). The roots of both accessions showed upregulation of Fe(III) reduction and Fe(II) transport as well as nicotianamine biosynthesis. LC shoots showed upregulation of glutathione-mediated detoxification and GA shoots superoxide radical degradation. When both direction (upregulation/downregulation/not responding) and magnitude were considered, 702 of all genes responded significantly differently to Cd exposure between the accessions (P < 0.05 for treatment 9 accession interaction), that is, 157 and 545 in the roots and shoots, respectively. These genes were grouped using hierarchical clustering (Figure 4 ), each cluster consisted of genes that behaved rather similarly within, but differently between, the accessions. A Gene Ontology (GO) term enrichment analysis was performed on each cluster (Table S4 ). Root genes were grouped into seven clusters, three of which showed GO term enrichments (1, 2, 3).
Shoot genes were grouped in eight clusters, four of which showed GO term enrichments (1, 2, 4, 5). The major findings of these analyses will be discussed below.
Drivers of Cd accumulation
Cadmium can be moved by a number of transporters and channels for essential elements (Song et al., 2017 ; Table 1 ). Cadmium exposure decreased Zn and Mn contents markedly in GA (Figure 1 ), suggesting competition for the same transporters. While the determining factor in metal accumulation is the protein(s) in action, we extracted the putative key genes from the transcript data. A drawback in the prediction, be it at the protein or transcript level, is that the metal specificity and accurate localization of many potential transporters is not known. Cluster analysis revealed no GO enrichments linked to Cd, Zn or Mn transport.
Opinions vary as to the main driver of Cd hyperaccumulation in N. caerulescens, whether it is the root processes, particularly uptake from the soil, or the leaf processes such as vacuolar sequestration (Lombi et al., 2001; Cosio et al., 2004; Leitenmaier and K€ upper, 2011) . Presuming that the key step is the uptake from the soil, we were searching for genes that encode metal transporters and have similar expression in both accessions, reflecting the similar leaf Cd content. The clearest candidates were ZIP1, ZIP3 (NcZNT3), and ZIP8. Not much information is known about these genes. None of these is known to transport Cd, but all were upregulated significantly or numerically by Cd in this study.
Other root genes with no significant differences in the expression between GA and LC were those encoding the plasma membrane proteins NcZNT1, HMA2, and HMA4, as well as the tonoplastic proteins MRP1 (ABCC1) and MRP2 (ABCC2). A role in Cd accumulation has been identified in N. caerulescens for NcZNT1 (Pence et al., 2000; Lin et al., 2016) and HMA4 (Bernard et al., 2004; Papoyan and Kochian, 2004; Laurent et al., 2016) , and in A. thaliana for HMA2 ) and the genes encoding the phytochelatin transporters MRP1 and MRP2 (Park et al., 2012) .
Based on kinetic studies, Pence et al. (2000) concluded that NcZNT1 mediates high-affinity Zn uptake and low-affinity Cd uptake, making it an unlikely candidate for Cd accumulation (Lombi et al., 2001) . However, with a ratio of 50 lM Cd/2 lM Zn, as in our study, the influx of Cd is markedly higher than that of Zn (Pence et al., 2000) , which could partly explain both Cd accumulation and decreased Zn content, perhaps also the decreased Mn content (Lin et al., 2016) . Furthermore, NcZNT1 was upregulated by Cd in the roots and shoots of LC to match the levels in GA, which makes it a good candidate to explain the capacity of LC to accumulate Cd.
Another proposal is that Cd is taken up predominantly via a high-affinity uptake system for Fe, such as IRT1, in GA, but via a low-affinity pathway for Ca 2+ in other populations (Lombi et al., 2001 Roosens et al., 2003; Plaza et al., 2007) . A role for IRT1 is supported by our previous finding that the highly Cd-sensitive Ni hyperaccumulator accession MP from the serpentine area of Monte Prinzera, Italy, which is superior in taking up Cd but then dies, has a much higher IRT1 transcript level than does GA (Halimaa et al., 2014) . In GA and MP, IRT1 could therefore be the high-affinity Cd transporter. The role for IRT1, in Cd and also in Fe uptake is ruled out in the LC accession because of its non-functionality ( Figures 5 and S5 ). NcIRT1-GA, expressed in the fet3fet4 yeast mutant lacking high-affinity Fe uptake (Dix et al., 1997) , restored growth at low Fe and rendered the yeast hypersensitive to Cd. By contrast, the dominating NcIRT1-LC variant had high similarity to the full-length NcIRT1-GA gene, but did not encode a complete IRT1 protein, and neither complemented the mutant for Fe deficiency nor conferred Cd hypersensitivity. Both IRT1-GA and IRT1-LC transcripts were expressed in yeast (Appendix S1). This finding suggests that IRT1 is not critical for Cd uptake in N. caerulescens, at least in LC. The lack of functional IRT1 might explain why, in nature, LC does not accumulate Cd. As IRT1 can transport also Zn and Mn, the difference in its expression could contribute to the differences between GA and LC in the accumulation of these metals.
Of the genes conferring vacuolar sequestration of Cd in the roots, no differences were found in the expression of CAX2 and CAX4 between the accessions. The genes HMA3 and ZTP1 showed a c. nine-fold and c. two-fold expression in GA compared with LC, respectively. As these transporters also transport Zn, they could contribute to the different accumulation of Zn between the two accessions and the effects of Cd. As there was no difference between the accessions in the expression of vacuolar efflux transporters NRAMP3 and NRAMP4, LC might be more effective in moving Cd toward the xylem, as it would be less effective in sequestering Cd in the root vacuoles. Milner et al. (2014) proposed a role for NcNRAMP1 in Cd accumulation. According to the authors, NcNRAMP1 contributes to the root-to shoot transport, in particular to the influx of Cd across the endodermal plasma membrane into the stele. In our study, NRAMP1 transcript levels were 5-7 times higher in GA than in LC, which would not explain the equal Cd accumulation. NRAMP1 also transports Mn (Cailliatte et al., 2010) . The Mn concentrations in GA were higher than those in LC, and were decreased upon Cd treatment. This finding suggests that the decrease is due to competition between Cd and Mn for NRAMP1.
Another proposal for the key driver of Cd hyperaccumulation is the sequestration in the leaf vacuoles. There were no differences between the accessions in the expression of NcZTP1 and CAX2. The expression of HMA3 was eight times as high in GA as in LC. As HMA3 was the most highly expressed vacuolar Cd transporter in GA, a straightforward conclusion would be that GA is more effective in transporting Cd to the leaf vacuoles. Of the genes encoding vacuolar efflux transporters, NRAMP4 had a slight, but significantly higher, expression in LC than in GA while there was no significant difference in NRAMP3. This is in agreement with the finding of Ebbs et al. (2009) who showed that leaf sections of N. caerulescens accession Prayon (claimed to be similar to LC) had a greater Cd efflux than those of GA. These observations could explain our findings that in longer exposure the Cd-elicited chlorosis progressed in GA leaves from base toward the apex whereas, in LC, chlorosis was spread more evenly over the whole leaf. They could also explain the stronger stress response suggested by the LC transcriptome.
Cadmium interferes with iron homeostasis causing strong Fe deficiency response in GA leaves
The root Fe content increased upon Cd exposure in both accessions, suggesting that Cd upregulates the root Fe uptake system (Figure 1 ; Table S1 ). Many changes that could explain the increased Fe uptake were seen in the transcriptome. In line with this, Fe(III) reduction and Fe(II) transport was the most significantly overrepresented pathway upregulated by Cd in the roots (Table S3 ). The genes encode, for example, ferric reduction oxidases FRO1, FRO2, FRO3, and FRO5 (in GA), and iron-regulated transporters IRT1 and IRT2 (Table S5 ). Another overrepresented pathway upregulated by Cd was nicotianamine biosynthesis, which included nicotianamine synthases NAS1, NAS3, and NAS4. Other genes among the 68 genes upregulated in both GA and LC roots encoded transcription factors bHLH101, FIT1, and MYB72, which are major players in iron uptake and phloem transport to sink organs. Except for the homolog of the Arabidopsis major Fe transporter AtIRT1 (Vert et al., 2002) , gene expression in the roots showed no major differences between the accessions.
Despite the increased Fe levels in the roots, Fe deficiency response was seen in both accessions under Cd exposure. Root clusters 4-6, with genes upregulated in GA and having different responses in LC, included several genes linked to iron deficiency. Genes in cluster 4 with higher expression in LC encoded the transcription factors bHLH038, bHLH039 and the iron-regulated protein IRP6. Genes in cluster 6 included OPT3, which encodes an Fe transporter functioning in stem phloem and is a major Cd tolerance gene in A. thaliana (Zhai et al., 2014) , and BTSL2, which encodes a negative regulator of the iron deficiency response in A. thaliana (Hindt et al., 2017) . Two very similar genes that were highly upregulated by Cd encode 2-oxoglutarate (2OG) and Fe(II)-dependent oxygenases F6'H1 and MJM20.4, and are probably involved in the production of phenolics essential for Fe uptake and tolerance to high pH-induced Fe deficiency in A. thaliana (Schmid Figure 5 . Complementation of the fet3/fet4 yeast mutant defective in iron uptake by IRT1 homologs from Noccaea caerulescens. BPS (bathophenanthrolinedisulfonic acid) is a chelator of ferrous iron and was used here to create iron-deficient conditions. Only the GA genes encode fulllength proteins. Empty vector pAG426GPD served as a control. GA, Ganges accession. et al., 2014). We conclude that the roots of both accessions showed signs of Fe deficiency under Cd exposure. As a consequence, increasing amounts of Fe are accumulated, possibly due to overcompensation of the Fe deficiency response.
Several changes suggested Fe deficiency response and altered Fe bioavailability also in GA shoots, and seen as chlorosis after 2 weeks of Cd exposure. Cluster 1, with downregulation in GA and higher expression and usually upregulation in LC, had 'iron ion binding' as the most significant enriched GO term. The cluster included a gene encoding the Fe-nicotianamine (Fe-NA) transporter Yellowstripe-like 1 (YSL1), which delivers metals to and from vascular tissues in leaf xylem parenchyma . Also cluster 4, with genes downregulated in GA but unchanged in LC showed GO term 'iron ion binding'. The genes encoded ferritins FER1, FER3, and FER4, as well as the Fe-NA transporter YSL3. Cluster 4 also included SUFB (NAP1), which is involved in Fe-S cluster assembly and regulation of iron homeostasis in Arabidopsis, and NEET, which encodes an Fe-S domain-containing protein. Fe-S clusters are required to ensure electron flow in the thylakoids. The core of cluster 6, with genes upregulated in GA and having stable expression in LC, encoded regulatory proteins, especially transcription factors linked to iron homeostasis, such as PYE, BRUTUS, OPT3, and ORG1, five iron responsive proteins (IRPs) and ZIF1. Genes encoding transcription factors bHLH038, bHLH039, bHLH100, and bHLH101 were highly upregulated in GA shoots by Cd but hardly responded in LC. The bHLHs most likely mediate the Fe deficiency response in GA to maintain photosynthetic activity under Cd exposure.
The increase in root Fe content upon Cd exposure is in apparent contradiction with the finding that GA roots exhibited a Fe deficiency response. The fold changes of all transcripts linked to Fe deficiency were smaller in LC than in GA, suggesting a clearly milder Fe deficiency response in LC roots. This could be due to the absence of Fe deficiency signal from the shoot. Shoot-to-root Fe signaling could be regulated by OPT3 (Zhai et al., 2014) , the expression of which was upregulated only in the GA shoots. Cadmium caused a small but significant increase in the loosely bound, bioavailable Fe 2+ , possibly because of displacement by Cd, in LC and decrease in GA, leading to significant treatment 9 accession interaction (two-way ANOVA; P = 0.017; Figure S6 ). This could have prevented the sensing and signaling of Fe deficiency and explain the absence of an Fe deficiency response in LC leaves. Cd-induced increases in bioavailable Fe 2+ have been observed also in other organisms (Casalino and Landriscina, 1997; Dorta et al., 2003) . Cadmium-imposed Fe deficiency has been previously observed in N. caerulescens (Roosens et al., 2003) , and it is known to promote Cd accumulation in GA but not in Prayon . As IRT1 is non-functional in LC, it seems clear that this accession, perhaps also GA, uses an IRT1-independent pathway for Fe uptake. A possible candidate is ZIP8, which was upregulated by both Cd and Fe deficiency in the roots of GA and LC, with no difference between the accessions. In A. thaliana, ZIP8 is a pseudogene, NRAMP1 playing a key role in Fe transport by cooperating with IRT1 (Castaings et al., 2016) .
LC shows downregulation of numerous genes involved in photosynthesis light reactions
Upon Cd exposure, chlorosis manifested itself differently in GA and LC even though some genes linked to photosynthesis were downregulated in the shoots of both accessions. These encoded, for example, PSAN and PSAF, both involved in docking plastocyanin to the PSI complex and participating in the efficiency of electron transfer from plastocyanin to P700 (Jensen et al., 2007) . Although in GA the primary reason for chlorotic symptoms seemed to be Fe deficiency, in LC the leaf transcriptome pointed to another direction. Shoot cluster 5, with genes downregulated in LC, but unaffected in GA, showed strong enrichment of photosynthesis-related GO terms. Genes for protein complexes in photosystem I (PSI) and II (PSII) were widely downregulated in LC. There was a strong effect on plastocyanin complex, 11 genes being affected, and on genes encoding ferredoxin-NADP + -oxidoreductases 1 and 2, all involved in the distribution of electrons around PSI (Yamori and Shikanai, 2016) . The first protein complex in the light-dependent reactions of oxygenic photosynthesis is PSII, which contains the Mn center (Shen, 2015) . Genes encoding both CP43 (PSBC), which binds the Mn center, and 33-kDa protein (PSBO), which is a Mn-stabilizing protein, were downregulated in LC but not in GA. The Mn content was relatively low already in the non-exposed LC and was slightly decreased upon Cd exposure (Table S1 ).
Stress and defense reactions were stronger in LC shoots
Remarkably, 231 of the 545 differently responding genes upregulated in LC shoots were linked to the stress response. These included a diverse array of genes involved in defense responses against bacteria and fungi, response to wounding, oxidative stress, disease resistance, jasmonate signaling, removal of superoxide radicals, etc. For example, a gene encoding a respiratory burst oxidase homolog (RBOH F) showed higher expression in LC and was upregulated by Cd. RBOHs are critical components contributing to reactive oxygen species (ROS) generation (Zebelo and Maffei, 2015) . In shoot cluster 1, with relatively stable expression in GA, GO terms related to (oxidative) stress and defense were enriched. The genes encode several peroxidases and cytochrome P450s, glutamate-cysteine ligase, PR proteins, defensins, extensins, methylesterases, and enzymes involved in 4,8,12-trimethyltrideca-1,3,7,11-tetraene (TMTT) biosynthesis.
Pathway analysis indicated enrichment of 4-hydroxyphenylpyruvate biosynthesis, TMTT biosynthesis and tyrosine degradation I, suggesting upregulation of terpenoid biosynthesis. Cell wall defences and cell wall modification pathways were also upregulated. Cluster 2, with genes upregulated in LC and stably expressed or slightly downregulated in GA, was enriched with glutathione S-transferases; pathway analysis showed enrichment of glutathionemediated detoxification II. Genes in cluster 3, unchanged in GA, were related to general stress (defensin, peroxidase). In cluster 4, with upregulation or no change in LC and downregulation in GA, GO terms related to sulfur metabolism and glucosinolate biosynthesis were enriched; enriched pathways included sulfate activation for sulfonation, glucosinolate biosynthesis and sulfate reduction II (assimilatory). Therefore, GA decreases sulfur assimilation and, subsequently, downregulates glucosinolate biosynthesis. Genes encoding ascorbate peroxidase 1 (APX1) (scavenger of hydrogen peroxide), and Fe-superoxide dismutase 1 (FSD1) were also downregulated, suggesting that Cd causes less oxidative stress in GA than in LC. The reason why the leaf transcriptome indicated stress in LC, but not in GA, might lie in the Cd-induced increase in the cellular Fe 2+ availability in the leaves. Free or loosely bound Fe 2+ can promote, via the Fenton reaction, the synthesis of hydroxyl radical (•OH) (Riley, 1994) . It can also directly promote lipid peroxidation (Casalino and Landriscina, 1997) . However, the bioavailable Fe concentrations were only slightly higher in LC than in GA, and Cd can enhance ROS production also via different, Fe-independent pathways (Sch€ utzend€ ubel and Polle, 2002; Cuypers et al., 2010) . In any case, although there is no direct evidence of the involvement of Fe
2+
, there are strong indications that ROS production must have been enhanced under Cd exposure in LC.
Another reason for the stress reaction in LC is probably that the Cd sequestration capacity is lower in LC than in GA, particularly in the leaves. It is likely that the difference lies in the intracellular Cd sequestration capacity, particularly the capacity to keep the cytosolic Cd concentrations low through compartmentalization in the vacuole. Vacuolar compartmentalization of Cd is mediated by HMA3, which has been implicated in Cd hypertolerance in N. caerulescens (Ueno et al., 2011) . The expression of HMA3 was about seven times higher in GA than in LC, similar to that reported by Ueno et al. (2011) between GA and Prayon. In addition, Cd is pumped out from the vacuole by NRAMP3 and NRAMP4 (Sharma et al., 2016) , both of which showed higher expression in LC than in GA shoots. The stress response in LC can thus be explained, at least in part, by lower sequestration of Cd in leaf vacuoles. This would be consistent with Cd causing a stronger downregulation of photosynthesis-related genes observed in LC.
CONCLUSION
To conclude, the naturally Cd excluder N. caerulescens accession LC has a similar capacity to accumulate Cd as does the Cd hyperaccumulator GA. Under certain conditions LC can be made to hyperaccumulate Cd, which was taken advantage of here in the comparison of the two accessions. This study gave further insight into the mechanisms contributing to Cd hyperaccumulation and tolerance, suggesting that they are multifactorial traits and no single factor is responsible for the differences between GA and LC.
EXPERIMENTAL PROCEDURES Plant material
Seeds of two inbred lines derived from N. caerulescens accessions GA and LC were germinated in soil, and plants with eight to 10 leaves were transferred to 10 liter containers filled with halfstrength Hoagland solution (modified after Schat et al., 1996) : 3 mM KNO 3 , 2 mM Ca(NO 3 ) 2 , 1 mMNH 4 H 2 PO 4 , 0.5 mM MgSO 4 , 1 lM KCl, 25 lM H 3 BO 3 , 10 lM ZnSO 4 , 2 lM MnSO 4 , 0.1 lM CuSO 4 , 0.1 lM (NH 4 ) 6 Mo 7 O 24 , 20 lM Fe(Na)EDTA. The pH was adjusted to 5.5 with KOH, and 2-(N-morpholino)ethanesulfonic acid (MES, 2 mM) was added to buffer the pH. The plants were grown in three climate chambers to provide three biological replicate experiments: 20/15°C day/night, 250 lmol/m À2 /s, 75% RH, light period 14 h/day. Continuously aerated solutions were changed on Tuesdays and Fridays. After 2 weeks, 50 lM CdSO 4 was added, and ZnSO 4 was lowered to 2 lM to achieve equal shoot Cd concentrations in both accessions. The controls were treated similarly but without Cd addition. To verify sufficient Fe availability in the nutrient solution, the soluble Fe concentration was recorded daily. Samples were passed through 0.22-lm filters to exclude suspended particulate Fe before colorimetric determination with o-phenanthroline (Fortune and Mellon, 1938) . The dissolved Fe concentration in the Cd-spiked solution (50 lM) was never significantly different from that in the Cd-free control solution, indicating that Cd did not displace Fe from the EDTA complex. After 1 week, 12 plants of uniform appearance were pooled from each chamber, resulting in three independent biological replicates (roots and shoots separately), which were frozen in liquid N 2 and stored at À80°C.
In a 5-week study, three GA and three LC were grown in a hydroponic solution (same as above) and these growth boxes were replicated three times both for the control and the treatment. The plants were imaged twice a week a RGB camera and a hyperspectral camera (400-1000 nm, ImSpector V10E; Specim, http:// www.specim.fi/). The statistical analysis was calculated with the ttest from the average value of mND705 of the whole box, this value was treated as an independent variable.
RNA isolation, library preparation and sequencing
Total RNA was extracted using RNeasy Plant Mini kit (Qiagen, www.qiagen.com). RNA samples were analyzed using Bioanalyzer (Agilent, www.agilent.com) to ensure adequate quality and quantity. Library preparation and sequencing were performed at the Weill Cornell Medical College Genomics Resources Core Facility (NY, USA). RNA libraries were prepared using Illumina TruSeq RNA-Seq Sample Prep Kit (www.illumina.com). Libraries were pooled, multiplexed, and sequenced using the Paired End Clustering protocol with 51 9 2 cycles sequencing on four lanes of Illumina HiSeq2000.
Differentially responding genes
Technical quality of sequencing was verified from quality plots generated by FastQC. Read sequences were trimmed to remove adapter sequences and low-quality ends using Prinseq (Schmieder and Edwards, 2011) and Trimmomatic (Bolger et al., 2014) . Reads with at least 25 bases remaining after trimming were retained. Reads from each sample were aligned to A. thaliana TAIR10 genome sequence (Huala et al., 2001 ; http://www.arabidopsis.org/d oc/about/tair_terms_of_use/417) using Tophat2 v 2.08b (Kim et al., 2013) . As read mapping was made against the genome of a closely related species, the default parameters were altered to allow for higher sequence divergence between the reads and reference. The Tophat2 parameters set were: -N 7 -read-edit-distance 10 -segment-mismatches 3 -I 6000 -max-segment-intron 6000 -r 150 -mate-std-dev 50 -b2-N 1 -b2-L 10 -b2-score-min L,-0.84,-0.84. Following read alignment, read counts were obtained using HTSeq-count (Anders et al., 2015) . Reads were counted using exon as the feature level and summarized to gene level. The counting mode was intersection non-empty. Differentially expressed genes between control and Cd-exposed samples for each accession (GA, LC) were identified using the edgeR program (Robinson and Oshlack, 2010; McCarthy et al., 2012) . These data were first filtered to remove genes that did not have cpm (counts per million) value greater than one in at least three samples. A Group matrix was formed with columns describing the samples, accession, and treatment. This matrix was used to form the design matrix using model.matrix (~0+Group). The samples were normalized for library size using the calcNormFactors function, and the common, trended, and tagwise dispersions were estimated. A negative binomial GLM was built using the glmFit function, and differential expression tests were conducted using glmLRT. Contrasts were used to test for differences in GA control against GA Cd-exposed samples and LC control against LC Cd-exposed samples. The genes that responded significantly differently to Cd exposure between the accessions were identified by providing the contrast for (GA.cadmium À GA.-control) À (LC.cadmium À LC.control).
A heatmap was produced from the differently responding genes using the Bioconductor Heatplus package (Ploner, 2012) . CPM values were used as expression levels, and correlation distance as the distance measure. Average linkage was used during the clustering.
A GO analysis was performed for clusters of differentially responding genes using The Database for Annotation, Visualization and Integrated Discovery (DAVID) (Huang et al., 2009a,b) . Functional annotation charts were made for all clusters. Pathway enrichment analysis was conducted on aracyc pathways (Mueller et al., 2003) for each cluster using the goseq package (Young et al., 2010) .
Elemental analysis
Elemental analysis was performed with ICP-OES (IRIS Intrepid ll XSP). From a pool of 12 plants, 500-mg aliquots of roots and shoots were transferred into Teflon digestion vessels (V = 120 mL), and 3.0 ml of Suprapur HNO 3 and 1.0 ml of Suprapur HCl were added. The samples were degraded in CEM MDS-81D-microwave device as follows: 40% 20 min; 50% 20 min; 70% 12 min. Sample volume was adjusted to 10.0 ml with MilliQ water. Trace-CERT CRM certified multi-element standard solutions for ICP (Sigma-Aldrich; www.sigmaaldrich.com) were used as the stock standards for preparing calibration standards. National Institute of Standards and Technology (NIST) Tomato Leaves 1573b was used as a standard reference material. These data were log transformed for statistical analyses.
The analysis of plant-bioavailable Fe, Cd quantitation from the leaf tissues, histochemical Cd detection and TEM/EDS analysis are described in more detail in the Supporting Information.
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